Figure B: Summary: "Curtailable™ Operating Mode
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3.3 "Downward Dispatch” operating mode: Reduced curtailment and
thermal commitment, and increased value

Compared to Curtailable operating mode, Downward Dispatch operating mode allows solar to retain value
at higher levels of solar generation (Figure 7, top panel). Downward Dispatch improves on Curtailable by
allowing the system operator to plan to turn down solar generation if solar is over-forecasted ahead of real-
time operations. Downward Dispatch also allows regulation footroom requirements to be provided by solar
generators. The middle and bottom panels of Figure 7 demanstrate that, during hours of very high solar
output, downward dispatch of solar enables the operator to commit fewer thermal power plants, which
reduces the minimum output requirement for thermal generation and increases the quantity of salar
delivered to the grid. it may seem paradaoxical, but in our simulations, selar in Downward Dispatch operating
mode has more opportunities to be curtailed, but fess actugl curtailment is observed.” At 28% solar
penetration potential, Downward Dispatch would reduce expected curtailment by half = from 31%, in
Curtailable operating mode, to 16% — enabling salar to provide positive incremental value at higher solar
penetration levels. Our simulation results show that, with the right economic dispatch rules, solar

curtailment can be minimized by allowing solar to provide the most constrained grid services at key times,

" Wie do not esabe the smoent of regulation that woukd be dispatched by AGC below the 5-minule bmesesle, and the rewulliant differences in
erurgy eoduction from AGC dispatch. is the Dosrasrd Depatch and the Full Fleblity aperatiag mades, we develop rules. by which the system
ST aior can rely on solar o provade doemwand regulation, but we do ot sisess whether i wiosld be most sconomical to burn down solar or othes
FRSCAMNCRS i FRSDONGE 16 bh AGE sgnal In some iratamodd, it fay Be more eoonomical 1o Bumn: Ehermal generation down indead of wlar, theseky
avoiding fusl eosn
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Figure 7: Summary: “Downward Dispatch™ Operating Mode
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3.4 “Full Flexibility” operating mode: Additional value at higher solar
penetrations

sharing balancing requirements between thermal and solar generators becomes increasingly valuable as
maore salar capacity is added to the grid. Provision of balancing services from solar plants allows thermal
generators to operate more efficiently by reducing the need for cycling and load following services,

resulting in less fuel consumption. This also aveids commitment of inefficient thermal generation,

reducing curtaliment of selar during times of overgeneration.

Figure 8 shows that these savings can be substantial for the TECO system. The curtallment observed in
Downward Dispatch operating mode on an example spring day (Figure &, middle panel) suggests that at
higher solar penetration levels, it could be particularly challenging to ramp TECOYs thermal generation
fieet down at sunrise and up at sunset. Operating solar in Full Flexibility operating mode would allow
system gperators to reduce forecast error headroom requirements and use any available solar headroom
to meet regulation headroom requirements. On this example day, integrating these capabilities into

operational procedures makes thermal generator ramping at sunrise and sunset mere manageable
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Figure 8: Summary: "Full Flexibility” Operating Mode
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Figure 9 shows the distribution of headroom reguirements between thermal and solar resources for the
hours-ahead unit commitment stage. Footroom requirements during the daytime are met predominantly
by solar.® Solar provides headroom to mitigate forecast uncertainties via committing to curtail and by
committing to provide regulation, For example, solar is curtailed frequently in spring morming and early
afterngon hours, thereby creating headroom that could be used productively to meet operational
requirements. During summer late afternoon and early evening hours, solar does not typically reduce
headroom requirements by committing to curtail because load is high enaugh in these hours ta absorb
(not curtail] most solar generation, and the TECO generation fleet has enough headroom flexibility to
absorb all solar generation. Our results confirm that headroom en solar is maost likely to be available during
periods of low load and high solar output, but that solar generators are unlikely to be curtailed for the
purpose of creating headroom durning higher-load hawrs,

The scope of this study is limited to the operation of resources within TECO balancing area, and
consequently transactions with external entities are not represented in detail, Energy market transactions
with neighboring regions may become more valuable and/or frequent at higher solar penetrations. These
transactions would allow TECO to access the capabilities of a larger pool of thermal resources, therekby
making it easier to meet headroom, footroom, and ramping requirements. Forecast error headroom
requirements may be particularly impacted by increased regional coordination, because the aggregate
torecast error of a larger footprint of solar resources will be reduced relative to the same capacity of solar
resources deployed over a smaller footprint, Increasing the level of regional coordination would reduce
flexibility challenges related to adding solar resources into TECO's generation portfolio, thereby allowing
solar energy to retain value at higher solar penetration levels, We expect that for a given level of solar
generation, increased regional coordination would decrease the value of operating solar power plants in
a more fiexible manner. However, higher value for solar energy may hasten the pace of solar development

across the region, thereby Increasing solar penetration and consequently the value of solar flexibility.

When skrrilating the Doweward Dispatch and Full Flasibitty operating modes in PLEXOS, footroom requinements resulting from solar variabilty and
unCertEnty e mol expicitly medieled because if i mdumed that solar can prosside [hese requirements i necesany. Simulston resulls 8o mot dhow
digrificand Gvarpeneration event i reak-time, confimming that fooiroom oo ioler os fonecast ermor and wit hishoor vaeiabibty i an ffective bakancing
itratepy, Qur modeing doss not imulate the dispacch of colar lootroam keid on AGC lor balansieg Balew the S-misste Dmesesls, bul we sapect salie
1@ be effective on this timescale as well gven D demcrdzrated cipa biitiey of N dolar plinti
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Figure 9: Headroom and footroom requirements (left) and the portion of each regquirement provided by
solar and thermal resources [right) for the hours-ahead unit commitment stage at 28% annual
solar energy production potential (2400 MW nameplate solar capacity] in the Full Flexibility
operating mode. Values are month-hour averages.
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Comparing thermal headroom and generation between the Curtallable and Full Flexibility operating
modes (Figure 10, orange vs, dark blue bars) demonstrates that increasing solar flexibility redwces both
thermal commitments and generation. The Curtailable, Downward Dispatch, and Full Flexibility
simulations in Figure 10 have identical generator capacities and operational characteristics, except for
their levels of solar flexibility. Mote that no additional large capital investments would be necessary to
reduce thermal capacity factors and commitment levels; increasing solar flexibility simply uses existing

assets more efficlently, resulting in lower production costs,

Figure 10: Annual average generation and headroom at 28% annual solar energy production potential,
expressed as a fraction of annual TECD demand. Headroom ks caleulated as the difference
between generation setpoint and committed capacity (or available production for solar] in real-
time, Headroom on solar is only shown for the Full Flexibility operating mode,
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3.5 CO: emissions results

Dperating solar power plants in a more flexible manner enhances the ability of solar to reduce CO;
emissions from electricity generation, As solar capacity increases, C0; emissions are reduced in all cases
when solar is operated in Full Flexibility operating mode (Figure 11). At higher solar penetrations,
Curtailable and Downward Dispatch operating modes result in more curtailment and higher levels of CO;
emissions relative to Full Flexibility, At lower levels of solar penetration (less than ~19% annual solar
penetration potential], we observe small differences in CO; emissions among the solar operating modes

but do not believe them to be material,

Figure 11; CO; emissions as a function of solar deployment and solar operating mode
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Flexibly scheduling amd controlling solar plants can provide significant reliability, financial, and

9z Jo 6 9bed - 3-GZz-610C #19X00Q - OSHOS - WV Sg:LL € Ae 1202 - a31Id ATTVOINOYL1O3 13

environmental value. Solar dispatch flexibility an Important tool that grid operatars can use to address
challenges associated with higher solar penetrations and to integrate increasing amounts of solar cost-
effectively. Dispatching solar power plants 1o the needs of the grid will reduce CO; emissions at higher
solar penetrations and may reduce criteria pollutant emissions (such as NO.), which can be significantly

higher for power plants that frequently ramp up and down,

Page | 38| 0 2008 Energy argd Environmental Economics, Inc



I>EI.LOEI‘IEI

3.6 Summary tables

The numeric values in Table 3 and Table 4 indicate that increasing solar flexibility increases the value of
solar energy and decreates solar curtailment. These values are for one specific system configuration, and
depend on resource capabilities and capacity, fuel cost projections, and other many factors,

Consequently, the values should not be applied to other jurisdictions or ather TECO system conditions.

Table 3. Average and marginal energy value of solar, in 5/MWh of solar production potential. The
energy value of solar represents only production cost savings and does not include other value
streams such as avoided peak capacity, The marginal energy value of solar is calculated as the
change In production cost resulting from the addition of an incremental 200 MW of salar

capacity.
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Table 4. Solar resource availabllity and solar curtallment results for each solar penetration level and
operating mode,

FLurtalment
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3.7 Sensitivity study: Incremental value of storage

Energy storage, particularly from fast-responding batteries such as lithium-ion, can quickly ramp from
charging to discharge, providing an operating range that is double the nameplate capacity. Moreover,
batteries can reduce fuel costs and awoid selar curtailment by charging during times of curtailment and

discharging during times when thermal generathon is on the mangin.

Far our final set of simulations, we add a small battery (50 MW, equivalent to ~ 1% of peak demand)] with
four hours of energy duration (200 MWH) to the TECD system at various levels of solar penetration to
explore the value of storage in the context different solar operating modes, We find similar results to
ather storage production cost studies: storage provides production cost savings across all solar
penetrations, with largers savings ccourring at higher solar peretrations, Storage is used for a mik of
regulation, forecast error reserves, and within-day energy shifting. Storage also reduces the magnitude of
ramps during sunrise and sundown, which is more valuable at higher solar penetrations, The value of

shifting energy increases significantly in the presence of solar curtailment (Figure 12}, This study focuses
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on operaticnal cost savings of storage, and therefore does not consider storage capital costs or a full cost-

benefit analysis of storage.

Figure 12: Increasing solar operational flexibility can reduce the operational value of storage at a given
solar penetration.
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The oppertunity for storage to add value is reduced when the system operator increases reliance on solar
power plant flexibility, because flexible operation of solar can provide some of the same grid services as
storage, especially footroom flexibility. Storage resources can be held in reserve ahead of real-time to
address forecast errors in solar generation. The value of storage resources will be reduced if system
operators can reduce forecast error footroom and headroom held on thermal generators by including
solar curtallment in forecast error requirement calculations. In many renewable integration and storage
valuation studies, a significant fraction of storage value comes from providing regulation, Solar resources
could provide the same service during some partians of the day, potentially allowing the storage device
ta perform other functions. Also, solar curtailment decreases as solar operational flexibility is increased,
thereby reducing the value of storage (see Figure 12) because fewer opportunities exist for energy shifting
at a given solar panetration level. Renewable integration studies at higher renewable penetrations do not
typically simulate wind or solar in the Full Flexibility operating mode, and therefore may overstate the
value of storage. However, we recognize that if an electricity system already has a significant amount of
storage or other flexible resources, the incremental value of increasing solar flexibility would be reduced

relative to o system with less flexibility.
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While our results suggest that increasing solar flexibility may reduce the need for storage {and/or other
flexible resources) at intermediate solar penetrations, there is still a significant role for storage to play at
high solar penetrations, As more and more solar is deployed in a grid, the operational value of adding
energy storage will increase due to increased balancing requirements and increased solar curtallment.
Storage can also provide significant system capacity value, whereas the marginal capacity contribution of

solar resources tends to drop relatively quickly with increasing solar penatration.
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4 Areas for Future Research

This study lays out some of the technical considerations that must be implemented to tap the full potential

of flexible solar in grid operations. Further work is necessary on many fronts to fully realize the potential

of flexible solar:

Solar forecasts are key to unlocking the potential of flexible solar. Without some certainty on the
possible bounds of power preduction, it is impossible to rely on a variable resource for balancing
services, especially for services that require headroom. A method is needed to develop a
confidence interval for flexible solar that is conservative enough to be workable in a control room
while still providing a reasonable solar dispatch range. Providing footroom with solar requires

significantly less forecast accuracy than s reguired to provide headroom.

Disincentives for flexible solar exist in markets where Renewable Energy Certificates [RECs) are a
primary revenue source, because RECs are only generated when the generator produces a MWh
of renewable energy. A renewable power plant would not want to forge REC revenue by offering
to be dispatched unless doing o provided the generator with positive net revenue. Further

research can shed light on the value of solar dispateh in a market with RECs.

Many existing renewable power plants have contracts that do not envision using the plant far grid

balancing, so contracts would need to be clarified or renegotiated to enable dispatchability from

existing facilities,

In organized slectricity markets, it remains to be seen how variable renewables would bid their
flexibility inte energy and ancillary service markets. Existing methods of calculating opportunity
cest for ancillary services are largely based on thermal opportunity cost of producing less energy
and dispatching at less efficient setpoints. Compared to thermal generators, variable renewables

have more uncertainty surrounding day-ahead or hour-ahead maximum production levels. Also,

© 2018 Energy and Emdronmental Economics, Ing Page |4 |
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variable renewables may have no marginal cost of providing ancillary services if they are already

curtailed due to system-wide conditions.

=  Some organized markets do not separately procure wpward (headroom] and downward
(footroom) services. Howewver, our study indicates that the cost for salar to provide headroom
and footroom is highly asymmetric. Flexible solar is likely to have significantly higher value in
markets, like the California 150, with distinct wpward and downward reserve products. Other
market operators in areas with high wind and solar penetration should consider establishing

separate downward and upward reserve products,
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5 Conclusions

When envisioning a power system with large amounts of variable renewable energy, system planners
must include informatian on the least-cost manner of reliably operating that system, in both the present
and future. If system operators can control the power output of variable renewable resources, these
respurces can be viewed as assets that help to maintain reliability rather than liabilities that create
operational challenges, Bringing the operational value of dispatching variable renewables into utility
resgurce plans may change the investments made in resources going forward, The flexibility brought by
dispatching variable renewable generators could reduce the need for investments in other types of
flexible resources. But dispatching renewables helps to retain their value at higher penetrations, which
may induce further renewable deployment and, in turn, increase the need for ather flexible resources. In
either scenario, reducing eperational costs and 00, emissions from the power system is easier when solar

power is treated as an active participant in grid balancing rather than an invisible part of the "net load.”
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6 Appendix A: Reserve Calculations
and Requirements

Many renewable integration studies calculate headroom and footroom regquirements such that wnit
commitment and dispatch decisions include enough flexibility to successfully navigate variability and
uncertainty from load and variable renewable resources, Calculating reserve requirements is an active
area of research, but at present most studies follow a similar calculation methodology.” In our study, we
calculate reserve requirements largely using standard methods but make modifications necessitated by

the multi-stage structure of our PLEXOS model and solar flexibility constraints,

We enforce three separate categories of reserve requirements in PLEXOS: forecast error (Section B.1),
regulation (Section 6.2}, and contingency (Section 6.3). Section 6.4 describes how different classes of

resources provide each category of reservies,

To calculate forecast errar and regulation reserve requirements, we rely on year-long timeseries data for
load and solar production. Both load and solar datasets include forecasted and real-time {3-minute actual)
data. Solar timeseries data is described in Section 2.1.3. TECO provided a year-long timeserles of forecast

and actual [5-minute] load data.

6.1 Forecast error reserves

9z Jo /| abed - 3-GZzZ-610C # 19000 - 0SdOS - WV Sg:L L € Ae 1202 - a31Id ATTVOINOYL1O3 13

Forecast error reserves ensure that encugh capacity is committed before real-time such that load and
solar forecast error do not cause reliability concerns. Both upward and downward requirements

(headroom and footroom, respectively] are enforced in every model stage before real-time. Our

' E. aner, |. Brad and L Ea, “A Sytemabic Comgarnison of Operating Reserve Mathodologies.” Mational Resewable Energy Laberatory, 1004,
g S nrelaoy fdoc Py Raosti 1016 ool | Krwd, E. ibenai and W. Gao, “A Comprebenshe Comparnon of Cumest Opsrating Reere
Methodologies,” EEETES Trasimission wnd Duarbution Conferenoe and Expotition [TRD}, 101D
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treatment of forecast error reserves is similar to “load following” or “flexibility™ reserves in other
renewable integration studies, with the exception that the within-hour variability traditionally associated

with “load following” calculations is included as part of the regulation requirement In this study,

&.1.1 FORECAST ERROR REQUIREMENT CALCULATION

For each of the three model stages before real-time [l.e., multiple days-ahead, day-ahead and hours-
ahead), the difference between forecast and average actual output is calculated, resulting in a library of
positivie and negative MW forecast error values. The calculation is performed individuaily on demand and
solar profiles. To capture correlations between demand and variable renewable resources, many studies
I the fiperature subtract variable renewable output from demand to create a library of net load forecast
error values. We do not employ this method because quantifying the level of solar forecast error is key to
representing solar flexibility in the production simulation, At higher levels of solar penetration, we observe
that solar forecast arror b5 moch larger than demand forecast error, which minimizes the difference
between individual and net load forecast error calculation methodologies. In future analyses, it may be

possible 1o retain correlations between solar and demand forecast errors when modeling solar flexibility.

To reflect different levels of forecast error at different times of the day, the library of forecast errors is
divided into bins by hour of day. Because TECO experiences different weather conditions during different
times of year, the hourly bins for solar forecast error are subdivided by season. Finally, to reflect
differences in forecast accuracy resulting from clowd cover, the season-hour bins are divided into two
separate bins: “cloudy” and "clear sky.” Solar forecasts are placed into the “cloudy”™ Bin if the forecasted
solar output is less than B0% of an estimate of the clear sky output,

System operators make conservative decisions when committing generation units, but it is not common
practice to commit units to prepare the system for every possible future level of load or solar production.
In the case of extreme forecast error, operators can perform a set of emergency actions that fall outside
af the scope of production cost modeling, such as making an emergency phone call to a neighboring
balancing area, dispatching contingency reserves, or allowing a small imbalance in supply and demand
(thereby causing area controd error) for a short period of time. Consequently, an appropriate threshald

for forecast error reserves must be defined beyond which the system operator dogs not need 1o hold
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headroom or footroom for forecast error. This threshold can be the product of a detailed analysis that
compares the value of a more reliable system with the incremental cost of holding more reserves. In many
studies, a detailed cost/benefit analysis is not within scope s0 reserve requirement levels are selected by
choasing a percentage of forecast errors based on prior studies of similar systems. Commonly used
thresholds are either ~68 = 70% (roughly one standard deviation, 1a, for a normally distributed set of
forecast errars) or 35% (20], meaning that the unit commitment simulation will ensure that all but =28 -

30% or 5% [respectively) of all possible forecast errors can be met by available resources.

To calculate forecast error reserves for solar in our study, we truncate the library of forecast errors to
include 70% [~10) of all forecast errors when committing units ahead of real-time (i.e., the multiple days-
ahead, day-ahead, and hours-ahead unit commitment stages). Doing so results in forecast error reserve
requirements in both the vpward (headroom) and downward (footroom) directions because bath under-
and over-forecast events are included in the timeseries datasets. We follow the same procedure for load
forecast error, except that we expand the range of forecast errors that we included in the hours-ahead
stage o include 95% [20) of all forecast errors. We truncate the library of forecast errors separately for

load and solar, and then add the result to obtain the final reserve requirement.

The final step of the forecast error reserve calculation ensures that solar forecast error reserve levels
remain within the bounds of possible solar production, Because solar production cannot go below zerg,
the forecast error headroom requirement is adjusted if the forecasted solar production minus the
headroom requirement is less than zero. Because solar production cannot go above the level at which the
power plant would produce under clear sky conditions, the forecast error footroom reguirement is

adjusted if the forecasted solar production plus the feotroom requirement is greater than an estimate of
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the clear sky production potential for a given timestep.

Studies in the literature demonstrate that forecast error for a geographically diverse set of variable
renewable resources is typically lower than forecast error for the same capacity of resources installed on
a smaller footprint. For this stuwdy we assume that all solar deployrment will occur within the TECOD service
territory, which is a relativity small portion of the Florida peninsula. Consequenthy, we do not reduce the
marginal forecast error contribution of additional solar resources as more solar is added to the TECD

system. If solar resources were to be deployed on a larger peographic footprint, forecast error
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requirements would be reduced and consequently the benefits of flexible solar operation would be lower
at a given solar penetration. Similarly, improved solar forecasting would decrease the cost of solar
Integration, which would raise the value of solar facilities at any solar penetration and decrease the value

of flexible solar operation at a given solar penetration.

6.2 Regulation reserves

Regulation reserves are held for short-timescale variation — less than 1 hour = of load and variable
renewable output. In our study regulation reserves represent the amount of within-timestep variability
that the system operator must manage if average load and solar production are perfectly forecasted at
an hourly timestep for the multiple days and day-ahead unit commitment stages, a 15-minute timestep
in the hours-ahead unit commitment stage, or a S5-minute timestep in the real-time unit commitment

stage.

6.2.1 REGULATION RESERVE REQUIREMENT CALCULATION

Woe calculate regulation requirements on two different timescales (hourly to S-minute and 5-minute to
automatic generation control (AGC)) and add the result to obtain the final reserve requirement. Only the
5-minute to AGC component of the regulation requirement is held in real-time dispatch, because the real-
time stage economically commits and dispatches on 5-minute intervals, thereby removing the need to
hold additional headroom and footroom for variability between hourly and 5-minute commitment
intervals. Regulation requirements for solar are calculated from a real-time 5-minute production profile

that is the average of many individual production prafiles from across the TECO region,

Hourly to 5-minute timescalg: Real-time 5-minute load or solar production profiles are subtracted from a
linear interpolation between hourly (multiple days-ahead and day-ahead) or 15-minute [hours-ahead)
averages of the same real time profile. As with the forecast error calculation, this results in a library of
positive and negative error values. Errors are divided into bins by hour of day for load, and by hour of day,
season, and a cloudy/clear sky binary for solar. We calculate the hourly to S-minute regulation

requirement by truncating the library of errors within each bin to include 95% of errors.

2 2018 Emengy 8nd Ervironmental Economics, Ing Page |49 |
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S-minuke to AGC fimescale; To calculate the solar compenent of the AGC reguirement, we astimate the
short-term variation in plant output on a S-minute timescale. We compare a cloud cover persisfence
forecast based on solar output in one S-minute timestep to actual solar output in the next S-minute
timestep. Similar to other calculations, we bin the result by hour of day and season, and then apply a 95%

error cutoff.

We calculate the S-minute to AGT reguirement for demand as 1% of demand, a value frequently used in

other production simulations,

Figure 13 shows the combined regulation and forecast error headroom and footroom requirements for
salar uncertainty and varability for the hours-ahead unit commitment stage, Only daylight hours are
depicted in Figure 13, Forecast error requirements are typically much larger than regulation requirements.
The relatively large magnituede of the forecast error headroom requirements is in part due to the small

geographic scope of the TECO balancing area,

Figure 13: Solar reserve requirement duration curve for the hours-ahead unit commitment stage.
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6.3 Contingency reserves

Contingency reserves are held for infrequent but extreme events, typically the loss of a large generation
unit of transmission line. In our simulations, contingency reserves are held in all model stages, including
real-time, because system operators must always be prepared for contingency events. Consistent with
current operational practice, contingency reserves are only enforced in the upward [headroom)] direction,

B.3.1 CONTINGENCY REQUIREMENT CALCULATION

Contingency reserve requirements for the TECO system were implemented with input from TECO staff.
The magnitude of reserve need is calculated endogenously in PLEXOS for every time step as the maximum

of:
*  TECO's largest generation contingency
#  TECO's share of the Florida reserve sharing obligation

& A minimum contingency reserve level of 315 MW
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6.4 How resources provided reserves

Table 5. How different classes of resources provide headroom and footroom capacity to each reserve
type.

Resource Forecast error Regulation Contingency

Headroam and

Headroom and footroom® footroom, subject to Haaderiont, SMACKI Camp

ramp rabe limits rate Bmia !
Wameplate capacity of I
generators that could start Mameplate capacity of
within the required timeframe, simple oycle combustian
| but combustion turbines in a Could not contribute turbines that can start
y combined cycle can only within the required
contribute if the steam turbine timeframe
was commitbed |
Available headroom and Available headroom vilabde haadrsom
footroom and footroom
Does not contribute Does not conbribute Avallable capacity

See Table & below

*Online generators that can shut down with sufficient speed contribute capacity equal to their minimum
production (PMin) to farecast error reserve footroom, in addition to available footroom between their

setpoint and Phiin.
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Table &. Schematic representing how solar generators provide reserves in this study.

Rasarve Typa Source of need How does solar provida?

a4 A'I'IVOIEI_LOEI'IEI

Total Headroom
Liinaia Headreom on solar for conbingency reservas & not
Contingency A ,n": ey modaled in this study, but would g possible with
e andugh production potential certainty
2 e
333 Forecast s ' RhEs - it ; reguiation
- Error + headroom, mone
z Regulation foracast arror
Headreom nert maotalad reserva s hald in
cane aof solar
avar-forecast
Forecast Load
provides over-lorecast,
E ; | s imited by the amoint of solar generatsan below the
i. El-rr::rq: uncertainty lewer bound on solar production
E_ Asgulstion
Fratraarm
Tatal Footroom
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7 Appendix B: Prior Research

Prior research that simulates solar (or wind) in Curtailable or Downward Dispatch operating mode includes

the following:

*  GEEnergy, "Western Wind and Solar integration Study,” National Renewable Energy Laboratary,
May 2010, https:/fwww.nrel.gov/docs /Ty 10osti /47434, pdf

®  Mills, A A Botterud, ). Wu, 2. Zhou, B.-M. Hodge and M. Heaney, “Integrating Solar PA in Litility
System Operations,” Argonne National Laboratory, 2013, hitp://eta-
publications.lbl.gov/sites/default/files/Ibnl-652 5. pdf,

*  Eber, K. and D, Corbus, "Hawaii Solar Integration Study: Executive Summary,” National Renewakble
Energy Laboratory, June 2013, https://www.nrel gov/docs/fyl3osti/57215.pdf.

* Energy and Environmental Economics, *Imeestigating a higher renewables portfolio standard in
California,” 2014,
https:/fwww. ethree.com/documents/E3_Final RPS Report 2014 01 06 with_appendices.pdf.

*  California 150, "Phase 1A, Direct testimony of Dr. Shucheng Liv on behalf of the California
Independent System Operator,” 13 August 2014,
hitp:/fuwrww. caito com/Documents/Augl3 3014 InitialTestimony Shuchengliu PhaselA LTPP

R13-12-010.pdf,

*  Energy and Environmental Economics, Inc. and Mational Renewable Energy Laboratory, “Western
Intercennection Flexibility Assessment,” Western Electricity Coordinating Council and Western
Interstate Energy Board, 2015, https:/fwww gthree.com/fwp-
content/uploads/2017/02/WECC Flexibility Assessment Report 2016-01-11, pef,

* Brinkman, G., ). Jorgenson, A. Ehlen and J. Caldwell, “Low Carbon Grid Study: Analysis of a 50%
Emission Reduction in California,” National Renewable Energy Laboratory, Januwary 2016,
https:/ fwww. nrel.gov/docs/fy 1605t /64884 pdf.

*  Seel )., A Mills, R. Wiser, 5. Deb, A. Asokkumar, M., Hassanzadeh and A, Aaraball, “Impacts of High
Wariable Renewable Energy Futures on Whalesale Electricity Prices, and on Electric-3ector Declsion
Making.” Lawrence Berkeley Mational Laboratory, May 2018, http://eta-

Jb sitesfdefault/filesfreport pdf 0.pdf.
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Prior research that simulates solar (or wind) in Full Flexibility operating mode = frequently as a sensitivity

= includes the following:

* \an Hulle, F., |, Pineda and P. Wilczek, “Economic grid support services by wind and solar Py- A
review of system needs, technology options, economic benefits and suitable market mechanisms,”
REservice5 project, September 2014, hitp://www resenvices-project.eu/wp-
content/uploads/REservicas-full-publication-EN, pdf.

*  Melson, J. and L Wisland, "Achieving 50 Percent Renewable Electricity in California,” Union af
Concerned Scientists, August 2015,

https:/ fwww.ucsusa,orgfsites/ default/files /attach/2015/08/ Achieving-50-Percent-Renewable-
Electricity-In-California.pdf.

®  Tabone, M. D, C. Goebel and D, 5. Callaway, “The effect of PV siting on power system flexibility
needs,” Solar Emergy, vol. 139, pp. 776-786, 2016,

*  Denholm, P., |. Novacheck, J. Jorgenson and M, O'Connell, “Impact of Flaxibility DCptions on Grid
Economic Carrying Capacity of Solar and Wind: Three Case Studies,” National Renewable Energy
Laboratory, December 2016, https:/ fwww.nrel. gov/docsfy 1 Tosti /66854 pdf.

*  Hale E.T., B Stolland ). Movacheck, “Integrating solar into Florida's power system: Potential roles
for flexibility,” Solar Energy, vol. 170, pp. 741-751, 2018,
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